Abstract Cisplatin (cDDP) is one of the most widely used anticancer-drugs in both therapy and research. However, cDDP-resistance is the greatest obstacle for the successful treatment of cancer patients. In the present study, the possible joint anticancer effect of bee venom (BV), as a natural toxin, and cDDP towards human glioblastoma A1235 cells was evaluated. Treatment with BV alone in concentrations of 2.5-30 lg/ml displayed dose-dependent cytotoxicity towards A1235 cells, as evaluated with different cytotoxicity assays (MTT, Cristal violet and Trypan blue exclusion assay), with an IC 50 value of 22.57 lg/ml based on the MTT results. Furthermore, BV treatment induced necrosis, which was confirmed by typical morphological features and fast staining with ethidium-bromide dye. Pre-treatment with BV induced cell sensitization to cDDP, indicating that BV could improve the killing effect of selected cells when combined with cDDP. The isobologram method used to determine the extent of synergism in combining two agents to examine their possible therapeutic effect showed that combined treatment induced an additive and/or synergistic effect towards selected cells depending on the concentration of both. Hence, a greater anticancer effect could be triggered if BV was used in the course of chemotherapy. The obtained results indicate that joint treatment with BV could be useful from the point of minimizing the cDDP concentration during chemotherapy, thus reducing and/or postponing the development of drug resistance. Our data, in accordance with previously reported results, suggests that BV could be used in the development of a new strategy for cancer treatment.
Introduction
A major problem in standard chemotherapy for treating cancer patients is the development of drug resistance during the course of the treatment. Cisplatin (cDDP) is one of the most effective anticancer drugs for the treatment of a variety of solid tumours, although treatment itself can often lead to development of cDDP resistance as well as numerous undesirable side effects such as severe kidney problems, allergic reactions, decreased immunity to infections, gastrointestinal disorders, haemorrhages, and hearing loss; especially in younger patients (Stewart 2007; Macciò and Madeddu 2013; Stathopoulos 2013; Dasari and Bernard Tchounwou 2014) .
The effectiveness of cDDP seems to be due to its unique properties. It enters cells via multiple pathways and forms different DNA-platinum adducts while initiating a cellular self-defence system by activating or silencing a variety of different genes, resulting in epigenetic and/or genetic alternations (Shen et al. 2012) . cDDP is a DNA damaging agent, because its cytotoxic effect is based upon the formation of platinum-DNA adducts and cross-links leading to cell cycle arrest which allows the cell to repair the damage. If repair fails, apoptosis is induced by the activation of different pathways (Fink and Howell 2000; Fuertes et al. 2003) . cDDP can also induce non-DNA damage due to formation of reactive oxygen species (ROS) (Brozović et al. 2010) . The therapeutic result of cDDP-based chemotherapy can be compromised by the development of cDDP resistance which can be a consequence of several molecular mechanisms that may occur in the same cell population such as decreased accumulation and increased detoxification of cDDP, more effective removal of platinum-DNA adducts, greater capacity to replicate past adducts, inhibition of apoptosis and/or cell adhesionmediated cDDP resistance (Stewart 2007; Brozović et al. 2010) .
In order to overcome cDDP resistance and reduce normal cell toxicity, combination therapies of cDDP with other drugs, especially natural toxins have been highly considered. In the search for new cancer agents, biotoxins have recently attracted attention owing to their novel mode of actions and decreased possibility of resistance development (Gaspar et al. 2013; Gajski et al. 2014; Liu et al. 2014) . Bee venom (BV) has been used in oriental medicine as a source of drugs to cure different disorders (Son et al. 2007; Gajski and GarajVrhovac 2011; Oršolić 2012; Liu et al. 2014; Premratanachai and Chanchao 2014) . There are several reports in the literature about the beneficial properties of BV, such as radioprotective (Varanda and Tavares 1998) , antimutagenic (Varanda et al. 1999) , antinociceptive (Chen and Lariviere 2010) , antibacterial (Boukraâ and Sulaiman 2009) , antiviral (Kouros 2013 ) and anticancer effects (Son et al. 2007; Oršolić 2012) . Several mechanisms of BV cytotoxicity on different types of cancer cells are known, like cell cycle alterations, effects on proliferation and growth inhibition, as well as induction of cell death either by apoptosis or necrosis both in vivo and in vitro (Son et al. 2007; Oršolić 2012; Gajski and Garaj-Vrhovac 2013) .
BV is a mixture of different active components with beneficial properties and the two major ones are melittin (MEL) and phospholipase A 2 (PLA 2 ) (Son et al. 2007; Garaj-Vrhovac and Gajski 2009; Oršolić 2012; Gajski and Garaj-Vrhovac 2013) . MEL is a small lytic peptide that exerts its activity through interactions with the plasma membrane and the enzyme system of the cells (Dempsey 1990; Raghuraman and Chattopadhyay 2007) . PLA 2 is an enzyme that catalys the hydrolysis of the sn-2 fatty acyl-ester bond of membrane glycero-3-phospholipids to generate free fatty acids and lysophospholipids suggested for anticancer therapies (Six and Dennis 2000; Putz et al. 2006; Oršolić 2012) .
Previously, we reported that MEL is cytotoxic towards different types of tumour cells including human glioblastoma A1235 cells . Therefore, the current study aims to investigate the possible combined anticancer activity of BV and cDDP towards A1235 cells in vitro. To the best of our knowledge, this is the first report on the combined effect of BV and cDDP on A1235 cells. Cytotoxicity and effects on proliferation of BV alone was evaluated using three distinct assays (MTT, Cristal violet and Trypan blue exclusion assay). As sublethal concentrations of BV can stimulate cell growth, in the frame of the present study we used higher BV concentrations lower than those which induce the death of the majority of treated cells according to our previous data . Moreover, we also examined morphological changes and the type of cell death induced by BV and investigated the combined treatment of cDDP and BV on A1235 cells in order to see if this combined treatment had additive and/or synergistic effects that could be applied in cancer treatment later on.
Materials and methods

Cell cultures and treatment
In the presents study, human glioblastoma A1235 cells were used. The cells were given by Dr. Branko Brdar (described in Brdar and Matulić 1988) . Cells were kept as a monolayer culture in Dulbecco's modified Eagle's medium, DMEM (GIBCO, Gaithersburg, MD, USA) with 10 % foetal bovine serum (GIBCO) and antibiotics (penicillin and streptomycin; Sigma, St Louis, MO, USA) in a humidified atmosphere at 37°C with 5 % CO 2 . Cells were seeded and after overnight incubation, they were treated with BV (Sigma). BV was dissolved in sterile redistilled water and further on dissolved in growth medium to a broad range of concentrations. At a certain time point after the treatment, cells were collected for further experiments. Each experiment was repeated at least two times.
Cytotoxicity and proliferation assays
MTT assay
Cytotoxicity of BV alone was evaluated using modified colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma) assay (Mickisch et al. 1990 ). The same test was also used to evaluate cell response to cDDP (Sigma) treatment as well as to joint treatment with BV and cDDP. Approximately 5 9 10 3 cells were plated in each well of a 96-well culture plate. On the following day, the medium was aspirated and replaced with fresh growth medium in which BV diluted in medium was added at different concentrations. The cells were treated with different concentrations of BV for 72 h at 37°C in triplicate. For the joint treatment, cells were first pretreated with different concentrations of BV for 1 h and then different concentrations of cDDP were added to cell cultures. Afterwards, the medium was aspirated and 20 lg of MTT dye/0.04 ml medium was added to each well. After 4 h of incubation at 37°C, formazan crystals were dissolved in dimethyl sulfoxide (DMSO; 0.17 ml/well; Kemika, Zagreb, Croatia) and the plates were mechanically agitated for 5 min. Absorbance of each well was measured on a plate reader (Awareness Technology Inc., Palm City, FL, USA) at 545 nm.
Cristal violet assay
The proliferation of A1235 cells following exposure to BV was determined using a modified Crystal violet assay (Kueng et al. 1989) . Crystal violet (Sigma) stains cells (alive or dead) that adhere to the bottom of a well. Cells were plated and treated as described above. Afterwards, cells were stained for 15 min with 50 ll of a solution containing 0.5 % Crystal violet in 20 % methanol (Kemika). The staining solution was then removed and wells were rinsed twice with water and dried at room temperature. To solubilize the stained cells, 100 ll per well of a solution of 0.1 M citrate sodium pH 4.2 and 50 % methanol were added and plates were kept for 30 min at room temperature. The absorbance of each well was measured on a plate reader (Awareness Technology Inc.) at 545 nm.
Trypan blue exclusion assay
Cytotoxicity of the BV alone towards A1235 cells was also studied using Trypan blue exclusion technique (Strober 2001) . Cells were plated and treated as described above. Afterwards, the cells were stained with Trypan blue dye (0.4 %; BDH Chemicals, Poole, UK) and analysed under a light microscope (Olympus CX41, Tokyo, Japan). The viable (uncoloured) and dead (blue) cells were counted.
Morphological changes and cell death evaluation
To determine the morphological changes and type of cell death, light and fluorescence microscopy were used, respectively. Approximately, 5 9 10 3 cells/well of A1235 cells were plated in tissue culture plates. Afterwards, cells were incubated with different concentrations of BV for 1 h. Cells were also treated with cDDP (20 lM) for 24 h as a positive control for apoptotic cell death. The type of cell death was assessed by differential staining with acridine-orange (AO; Serva, Heidelberg, Germany) and ethidiumbromide (EtBr; Serva). Live cells with a functional membrane display uniform green staining of the nucleus and dead cells were characterized with the uniform red staining of the nucleus. Briefly, adherent and floating cells were collected by centrifugation and resuspended to a small volume of culture medium, after which in 10 ll of cell suspension 2 ll of AO (15 lg/ml in phosphate saline buffer (PBS)) and 2 ll of EtBr (50 lg/ml in PBS) were added. Samples were examined under an epifluorescence microscope (Axiovert 35, Zeiss, Jena, Germany). Fluorescence was detected through the BP 450-490, FT 510, LP 520 filter and images were taken by camera (Pixera Pro150ES, San Jose, CA, USA).
Statistics
To determine the extent of synergism in combining two agents for yielding a possible therapeutic effect, the isobologram analysis method was used. The synergy index (q) was calculated using the formula q = E(A ? B)/(EA ? EB -EA 9 EB) (Jin 1980) . This method was used to reveal a possible additive and/or synergistic effect of BV and cDDP. E(A ? B) represents the inhibition rate of combination group, while EA and EB represent the individual group. The value of q, which ranges from 0.85 to 1.15, indicates that the combination gives a simple addictive effect, while q values from 1.15 to 2.0 indicate a synergistic effect. As it was [2.0, this means that there is a significant synergistic effect between the two agents. Experimental results were statistically analysed using Student's t test. p \ 0.05 was considered significant.
Results
The cytotoxic and antiproliferative effect of BV alone was investigated on A1235 cells using three different assays (MTT, Cristal violet and Trypan blue exclusion assays). BV displayed cytotoxicity and antiproliferative effect towards A1235 cells, and the observed effects were dose-dependent. The IC 50 value was (i.e. the concentration that reduces viability of treated cells to 50 %) 22.56 lg/ml based on the MTT results (Fig. 1) .
Morphological changes were induced rapidly after the addition of BV and were characterized with round and granulated cells, cell shrinkage, and separation from neighbouring cells and eventual detachment from the culture plates (Fig. 2) . Moreover, BV induced a necrotic type of cell death compared to treatment with cDDP where apoptosis was observed (Fig. 2) . The detection of cells dying by necrosis is determined by the fact that compared to apoptosis, the cell membrane becomes permeable very early, but the nucleus disintegrates only later on. Hence, pyknotic and fragmented nuclei are characteristic for apoptosis, but round and intact nuclei point to necrosis. It is important to note that cells in the late stages of apoptosis are also membrane permeable due to secondary necrosis.
For the evaluation of the combined treatment with BV and cDDP, A1235 cells were pre-treated with different concentrations of BV for 1 h, after which cDDP was added. After pre-treatment with BV, cell sensitization to cDDP was noticed for higher doses of BV and cDDP. The isobologram method revealed that the effect of BV and cDDP given in combination on A1235 cells was synergistic (q ranges from 1.15 to 2.0) for a broad range of BV and cDDP combinations, although a significant synergistic effect was observed only for the lowest cDDP concentration and 10 lg/ml BV, while some combinations of BV and cDDP only gave an additive effect, regardless of the concentration of both (Fig. 3) .
Discussion
Cancer is one of the most important public health problems today. Its high morbidity and mortality highlights the need for more effective treatment options. Several therapies have been included in cancer treatment today such as radiation therapy, surgery, chemotherapy, immunotherapy and hormonal therapy (Stewart and Kleihues 2003; Gotay 2010) , with chemotherapy as the predominant option. Although successful, a large number of patients often develop a resistance to chemotherapeutics acquired by tumours, which greatly reduces the efficacy of cancer treatment. Additionally, chemotherapy can induce serious side effects (Stewart 2007; Dasari and Bernard Tchounwou ). All of this has led to the development of new strategies to achieve more successful cancer treatments. Therefore, new anticancer drugs developed from natural sources may increase the effectiveness of conventional chemotherapeutic drugs. Biotoxins have emerged as rich sources of potential compounds with the ability to target and kill cancer cells (Liu et al. 2014) .
One biotoxin that tops the list of the many natural compounds that have been newly introduced as anticancer agents is BV isolated from Apis mellifera (Deorukhkar et al. 2007; Son et al. 2007; GarajVrhovac and Gajski 2009; Oršolić 2012; Gajski and Garaj-Vrhovac 2013) . BV is a complex mixture of a variety of active compounds and its toxic effects could be mostly attributed to its small peptide MEL, enzyme PLA 2 , as well as other peptide components such as apamin, mast cell degranulating (MCD) peptide and/ or tertiapin. These components have known cytotoxic effects towards different cells (Son et al. 2007; Oršolić 2012; Gajski and Garaj-Vrhovac 2013) and are likely to be responsible for the effects observed in our study as well. In our previous study, peptides MEL, apamin, MCD peptide and tertiapin were identified as components of BV and we determined the concentration of MEL and its mass fraction in a BV sample, estimating it at 0.19 (Gajski et al. 2014 ). The identified peptides are also in agreement with earlier findings concerning peptide components of BV (Son et al. 2007; Oršolić 2012) .
Until now, it has been demonstrated that BV has the ability to inhibit the growth of several types of cancer cell lines and induce cytotoxic, immunomodulatory, apoptotic and necrotic effects both in vivo and in vitro (Son et al. 2007; Oršolić 2012; Gajski et al. 2014; Liu et al. 2014) . Previously, we reported that BV is cytotoxic towards different types of tumour and non- tumour cells in vitro ) with preferential cytotoxicity against tumour cells. Besides evaluating the cytotoxic effect of BV alone, morphological changes and type of cell death induced after BV treatment, the current study also investigated the possible combined anticancer effect of BV and cDDP towards A1235 cells in vitro, in a narrower concentration range around IC 50 values established previously.
Using different cytotoxicity and proliferation assays (MTT assay, Crystal violet and Trypan blue exclusion assays), we evaluated cell viability and effects on proliferation after BV treatment. Furthermore, we evaluated morphological changes and the type of cell death induced by BV using light and fluorescent microscopy, respectively. The obtained results indicate that BV displayed dose-dependent cytotoxic and antiproliferative effects towards A1235 cells based on all three assays employed. The observed cytotoxic effects of BV could be based on the amphipathic properties of MEL and its ability to disturb cell membrane bilayer integrity, either by creation of defects, disruption, or through pore formation in the lipid bilayer that eventually leads to the collapse of transmembrane electrochemical gradients (Dempsey 1990; Raghuraman and Chattopadhyay 2007; Gajski and Garaj-Vrhovac 2013) . Compared to normal cells with low membrane potential, the cell membranes of tumour cells maintain a large membrane potential. As a result, MEL selectively is more likely to disrupt the tumour cell membranes than those of normal cells. This could be an important mechanism of the anticancer activity of BV (Son et al. 2007; Gajski and Garaj-Vrhovac 2013; Premratanachai and Chanchao 2014) .
In A1235 cells, we also noticed a breakdown of membrane integrity which was proven by EtBr staining, which enters only those cells that have damaged membranes. Furthermore, morphological changes induced by BV occurred quickly after cell treatment. Observed cell rounding and granulation, detachment from cultured plates and fast staining with EtBr indicate cell membrane damage as the cause of cell death and the necrotic type of the cell death in the concentration range tested. There are contradictory data about the type of cell death induced by BV. BV caused apoptosis in lung carcinoma cells (Jang et al. 2003) , hepatoma cells (Hu et al. 2006 ), leukemic cells (Moon et al. 2006) , breast cancer cells (Ip et al. 2008a ), cervical epidermoid carcinoma cells (Ip et al. 2008b ), synovial fibroblasts (Hong et al. 2005) , prostate cancer cells (Park et al. 2011) , bladder cancer cells, (Ip et al. 2012 ) ovarian cancer cells (Jo et al. 2012 ) and melanoma cells (Liu et al. 2002; Tu et al. 2008) . On the contrary, in fibroblast-like synoviocytes in addition to apoptotic-like cell death, necrosis was present as well (Stuhlmeier 2007) , whereas in human mammary carcinoma cells (Oršolić et al. 2003) , cervical carcinoma cells and Chinese hamster lung fibroblasts (Oršolić 2009 ) both apoptosis and necrosis were observed. Moreover, BV did not induce either sub-G1 fractions or the cleavage of caspase-9, -3, or poly-(ADP-ribose)-polymerase (PARP) in normal human lymphocytes and lymphoma HL-60 cells, indicating cell death, although not through apoptosis pathways .
Based on our results, the effects of BV can be related to necrosis, which in addition to apoptosis and according to a large number of experimental data is also a promising way of cancer cell death. Thus far, necrotic processes have been characterized as accidental and uncontrolled cell death, whose typical characteristics include disruption of plasma membrane and induction of inflammation. However, recent studies indicate that necrosis could also be controlled as it shared the same stimuli, signalling pathways and protective mechanisms as apoptosis (Edinger and Thompson 2004; Golstein and Kroemer 2007; Vanden Berghe et al. 2014; Wang et al. 2014) . Therefore, necrosis could also be deemed as one of the possible ways of cancer cell death although the significance of necrosis in cancer therapy needs to be further clarified.
A large number of anticancer agents, which includes cDDP, are capable of inducing drug resistance. In order to interact with intracellular targets, they need to pass the membrane barrier. Once they reach the cytosol many are deactivated and transported out of the cell before interacting with intracellular targets (Stewart 2007) . To prevent such resistance and reduce normal cell toxicity, new drugs and strategies for cancer treatment need to be developed. In light of this, peptides like MEL have recently attracted attention due to their specific mode of action and reduced possibility of resistance development (Schweizer 2009; Gajski and Garaj-Vrhovac 2013; Carmona-Ribeiro and de Melo Carrasco 2014) .
Here we observed that pre-treatment with BV increases cytotoxicity of cDDP in A1235 cells. The isobologram analysis method was used to determine the extent of synergism/additivity after joint treatment with BV and cDDP. The synergy index (q) on A1235 cells showed that some combinations of BV and cDDP could be synergistic, although a significant synergistic effect was observed only for the lowest cDDP concentration and 10 lg/ml BV, while some combinations only gave an additive effect. Even so, not only was there a direct effect of BV on the growth of A1235 cells, but joint treatment with cDDP also potentiated BV induced cytotoxicity which could be useful from the point of minimizing the cDDP concentration during cancer treatment or reducing cDDP resistance. Some of the possibilities could be creation of defects, disruption and pore formation in the cell membrane with MEL, facilitating cDDP uptake and accumulation, consequently causing a greater cytotoxic effect.
In our previous study (Gajski et al. 2014) , we investigated the combined anticancer ability of BV and cDDP towards two pairs of tumour cell lines: parental cervical carcinoma HeLa and laryngeal carcinoma HEp-2 cells, and their cDDP-resistant HeLa CK and CK2 sublines, respectively. The results showed that BV applied alone displayed dose-dependent cytotoxicity against all cell lines tested triggering a necrotic type of cell death. Combined treatment induced an additive and/or weak synergistic effect towards the tested cell lines, suggesting that BV could increase the killing effect of selected cells when combined with cDDP. On the contrary, the results of the present study showed that the BV and cDDP combination was also significantly synergistic, suggesting a tumour typedependent response to the selected combination.
Other authors also noticed joint effects of BV and MEL on the cytotoxicity of cytostatic drugs in different cancer cells (Oršolić 2009; Alizadehnohi et al. 2012; Safaeinejad et al. 2013; Choi et al. 2014) . Oršolić (2009) observed potentiation of BV cytotoxicity with the DNA-damaging drug bleomycin on HeLa and Chinese hamster lung fibroblast V79 cells. Alizadehnohi et al. (2012) also showed that effects of cDDP in ovarian cancerous cDDP-resistant A2780cp cells could be enhanced by the addition of a non-lethal dose of BV. Most recently, Safaeinejad et al. (2013) evaluated the synergistic cytological effects of BV and novel palladium (II) complex [Pd (bpy) (Pi-Pydtc)]NO 3 on human T-cell lymphoblastic leukemia MOLT-4 cells. They also found a clear synergistic effect of BV on a Pd complex and the apoptotic pathway activated by BV in combination with Pd complex was caspase-3-dependent. Furthermore, Choi et al. (2014) showed that treatment with BV in combination with docetaxel or cDDP resulted in a strong synergistic inhibitory effect on cell growth of human lung cancer A549 and NCI-H460 cells. Their results suggest that the combination of BV with lower doses of selected chemotherapeutics caused a significantly greater inhibition of lung cancer cell growth compared with either agent alone.
Conclusions
In the present study, BV given alone displayed cytotoxic and antiproliferative effects towards glioblastoma A1235 cells. Additionally, combined treatment with BV and cDDP induced an additive and/or synergistic effect towards the tested cell line, suggesting that BV could enhance the killing effect when combined with cDDP. Hence, a greater anticancer effect could be set off if BV is used in the course of chemotherapy. Although the detailed mechanism for the joint action of BV and cDDP needs further clarification, the favourable effect of such a combination on tumour cells is apparent. Minimizing the cDDP concentration during the course of therapy with compounds that increase their cytotoxicity could be very useful for patients with regard to unwanted side effects, as well as from the point of reducing and/or postponing the development of cDDP resistance during the course of standard chemotherapy. Our data, in accordance with previously reported results, suggests that BV could be used in the development of a new strategy for cancer treatment, although more studies are needed to show the suitability and particularly safety of this combination in cancer treatment. Therefore, further research to determine the exact mechanism of action and in vivo studies on animal models are warranted.
